Abstract As an environmental risk factor, psychological stress may trigger the onset or accelerate the progression of Parkinson's disease (PD). Here, we evaluated the effects of acute restraint stress on striatal dopaminergic terminals and the brain metabolism of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which has been widely used for creating a mouse model of PD. Exposure to 2 h of restraint stress immediately after injection of a low dose of MPTP caused a severe loss of striatal dopaminergic terminals as indicated by decreases in the dopamine transporter protein and dopamine levels compared with MPTP administration alone. Both striatal 1-methyl-4-phenylpyridinium ion (MPP ? ) and MPTP concentrations were significantly increased by the application of restraint stress. Striatal monoamine oxidase-B, which catalyzes the oxidation of MPTP to MPP ? , was not changed by the restraint stress. Our results indicate that the enhanced striatal dopaminergic terminal loss in the stressed mice is associated with an increase in the transport of neurotoxin into the brain.
Introduction
Parkinson's disease (PD) is a chronic and progressive neurodegenerative disorder characterized by the demise of dopaminergic neurons in the substantia nigra pars compacta and the concomitant reduction of dopamine (DA) in axon terminals in the striatum [1] . The pathogenesis of PD in most cases is unclear, but it is thought to result from the interaction between genetic and environmental causes [2, 3] . Physical and emotional traumas have been considered as factors in the etiology and pathophysiology of this disorder [4] . For example, when patients with PD are exposed to severe and long-term stresses, the symptoms are remarkably worsened [5, 6] . On the other hand, a strong positive association between depression caused by stress and the subsequent incidence of PD has been reported [7] . However, the bases of these stress-induced impairments in this disease have not been elucidated.
In the mouse model of PD created by the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), several studies have indicated that emotional stress is involved in the vulnerability of striatal dopaminergic neurons to the toxin. For instance, augmentation of the toxin-induced neurotoxicity by chronic mild stress has been reported [8] . Chronic restraint stress also exacerbates the motor deficit and neuroinflammation in the MPTP mouse model [9] . Furthermore, chronic stress, as reflected by elevated glucocorticoid levels, promotes a pro-inflammatory state, activates microglia, and ultimately promotes the death of dopaminergic neurons in the substantia nigra [10] .
However, the effects of acute stress on neurotoxicity and the brain metabolism of MPTP have not been elucidated. We therefore investigated the effects of an experimental stress on dopaminergic terminals and the brain metabolism of MPTP in C57BL/6 mice treated with a low dose of the neurotoxin.
Materials and Methods
Male C57BL/6 mice (8 weeks old, Charles River Japan, Atsugi, Japan) were housed at an ambient temperature of 23 ± 2°C under a 12 h light/12 h dark cycle (lights on at 07:00) with free access to food and water. All animal procedures were performed in accordance with the institutional guidelines and approved by the Animal Care Committee at Hokuriku University. Acute restraint stress was applied in ventilated cylinder tubes (u3 9 12 cm) that allowed little movement. After introducing a mouse into a tube, the tube was placed in vertical position with the mouse head upward, and left for 2 h. MPTP hydrochloride (Sigma-Aldrich, St Louis, MO) was dissolved in saline and injected intraperitoneally at a dose of 20 mg/kg free base. The dose used here was chosen because of the weak acute toxicity, according to previous reports [11] .
Three days after MPTP administration, the striata of mice were collected. The left striatum was used for western blotting and the right striatum for high-performance liquid chromatography (HPLC). The left striatal tissues were homogenized and the protein concentration determined using a BCA Protein Assay Kit (Cat # 23227, Thermo Scientific, Rockford, IL). For western blotting, the homogenates were solubilized with Laemmli's sample buffer and subjected to 10% SDS polyacrylamide gel electrophoresis at 20 lg protein per lane. The gels were then transferred onto polyvinylidene difluoride membranes. Blots were incubated with a rat monoclonal antibody against the dopamine transporter (DAT) (MAB369, Millipore, Temecula, CA). The mouse monoclonal antibody against the actin (MAB1501, Millipore) was used as a loading control. The membranes were incubated with a secondary antibody, and processed for enhanced chemiluminescent autoradiography (Amersham ECL, GE Healthcare KK, Tokyo, Japan). Densitometric analysis was performed to quantify the relative protein level against loading control and expressed as a percentage of control. The DA content was measured using an HPLC-electrochemical detection system according to the previouslydescribed method [11, 12] . The right striatal tissues were homogenized in 0.1 N perchloric acid containing isoproterenol as an internal standard. The homogenates were centrifuged at 20,0009g for 15 min at 4°C, and the DA content of the supernatant was measured. Striatal DA levels were calculated as ng/g tissue wet weight and expressed as a percentage of the control level. The measurements of striatal MPTP and 1-methyl-4-phenylpyridinium ion (MPP ? ) levels were performed as described by Desole et al. [13] at several time points after MPTP injection. The striatal tissues were homogenized and centrifuged. MPP ? or MPTP content in the supernatant was measured using an HPLC system equipped with an UV detector, which was set to 295 nm for MPP ? and 245 nm for MPTP detection. Both striatal MPTP and MPP ? levels were expressed as ng/ g tissue wet weight. Monoamine oxidase (MAO)-B activity in striatal tissue homogenates was assayed by a fluorometric method using benzylamine as the substrate [14] and expressed as a percentage of the control level.
The results are expressed as mean ± SEM. The statistical significance of differences was assessed by the twotailed t-test or two-way analysis of variance (ANOVA) followed by Dunnett's test. The differences were considered significant at P \ 0.05. All statistical analyses were performed using the Statistical Analysis System software (SAS Institute Japan, Ltd., Tokyo, Japan).
Results and Discussion
Exposure to 2 h of restraint stress immediately after MPTP injection caused a severe loss of striatal nerve terminals as indicated by lower DAT protein as well as DA levels than in mice given MPTP alone (Fig. 1A-C) . The restraint stress alone did not affect the striatal DAT protein and DA levels. These results suggested that restraint stress augments the dopaminergic neurotoxicity of MPTP. Interestingly, among different starting times of the 2-h restraint stress (0, 2, 4, and 6 h after MPTP injection), MPTP toxicity was only enhanced in the 0-2 h range (data not shown). In this study, we chose a low dose of MPTP, because the influence of restraint stress might have been masked if severe MPTP toxicity was induced.
The neurotoxic effects of MPTP are thought to be mediated by its metabolite MPP ? , which results from the oxidation of MPTP by MAO-B in glial cells. MPP ? has a high affinity for the DAT, and causes mitochondrial dysfunction and oxidative stress [15] . Therefore, it was important to investigate whether the restraint stress affects the striatal concentrations of MPP ? and MPTP. Both concentrations were significantly increased by the application of restraint stress ( Fig. 2A, B) . However, the activity of striatal MAO-B, which catalyzes the oxidation of MPTP to MPP ? , was not changed by restraint stress (Table 1 ). These results indicated that the increase of MPP ? production in the striatum by restraint stress was not due to activation of a metabolic process of MPTP.
In the present study, exposure to 2 h of restraint stress immediately after MPTP injection caused severe striatal dopaminergic terminal loss compared with MPTP treatment alone. In addition, we found increases in both striatal MPP ? and MPTP concentrations, which were not due to Fig. 1 Effects of acute restraint stress on striatal DAT protein and DA levels in MPTP-treated C57BL/6 mice. A Left striatal homogenates were prepared and DAT proteins were detected by Western blotting. Actin served as a loading control. n = 8 mice/group. B Densitometric analysis of the protein bands; DAT protein levels are expressed as percentage of control (mean ± SEM). C Right striatal DA measured by HPLC-ECD; data expressed as percentage of control (mean ± SEM). **P \ 0.01 vs Control, ## P \ 0.01 vs MPTP (two-tailed t-test).
Fig. 2 Changes in striatal MPP
? (A) and MPTP (B) induced by acute restraint stress in MPTP-treated C57BL/6 mice. MPTP (20 mg/kg, i.p.) was injected and animals were sacrificed at various time points with (solid line) or without (dashed line) restraint stress. Data are presented as mean ± SEM (n = 6).
&& P \ 0.01 vs Control (two-way ANOVA, Dunnett's test). Mice were given a single injection of MPTP (20 mg/kg, i.p.) and immediately exposed to restraint stress for 2 h. The measurements were made at 2 h after MPTP injection. Data are presented as mean ± SEM and expressed as percentage of control. N.S., not statistically significant vs control.
MAO-B activation, in the stressed mice. The hypothalamic-pituitary-adrenal axis is critical for homeostasis in response to environmental stressors [16, 17] . This axis includes the hypothalamic paraventricular nucleus (secretes corticotrophin-releasing factor (CRF) and arginine vasopressin), the pituitary gland (releases corticotrophin triggered by CRF and arginine vasopressin), and the adrenal cortex (secretes glucocorticoids) [18] . Esposito et al. reported that CRF is associated with the regulation of blood-brain barrier (BBB) permeability induced by restraint stress [19] . Taking this into consideration, we propose that the enhanced MPTP neurotoxicity in stressed mice is associated with an increase in the neurotoxin transport via changes in CRF-induced BBB permeability. However, the influence of acute stress on BBB permeability is controversial. In vivo animal studies have reported that stress increases the BBB permeability to inorganic dyes like Evans Blue and sodium fluorescein [20, 21] . On the other hand, several other reports have not been able to detect effects of stress on BBB permeability [22, 23] . Therefore, further studies are needed to clarify the relationship between restraint stress and MPTP transport through the BBB and the blood-cerebrospinal fluid barrier. The symptoms of patients with PD are often worsened by various stresses [24, 25] . We previously reported that in Mg 2? -deficient mice, emotional behaviors such as depression-and anxiety-related behaviors, appear to increase the susceptibility to MPTP [26] . Our data showed that the decrease of striatal DA level by a low dose of MPTP only occurs in Mg 2? -deficient mice that display depression-and anxiety-related behaviors, but not in control mice. Therefore, we concluded that the brain's responses to emotioninducing situations influence susceptibility to the dopaminergic neurotoxin. Based on the findings obtained here, the uptake of MPTP into the brain may be altered in Mg 2? -deficient mice.
In conclusion, the results of the present study demonstrated that acute restraint stress augmented the neurotoxicity of a low dose of MPTP in C57BL/6 mice. Increased toxin uptake into the brain is thought to be part of the mechanism underlying the enhanced neurotoxicity. To our knowledge, this is the first evidence showing that acute restraint stress increases the transport of MPTP into the brain. Although the pathogenesis of PD in most cases is unclear, individuals exposed to environmental poisons that might be toxic to nigrostriatal dopaminergic neurons, may have to avoid excessive stress. Further studies are needed to test this hypothesis.
